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ABSTRACT 
 
Animals must learn to ignore stimuli that are irrelevant to survival, which is a 
process referred to as ‘latent inhibition’. This process has been shown to be genetically 
heritable (Latshaw JS, Mazade R, Sinakevitch I, Mustard JA, Gadau J, Smith BH 
(submitted)). The locus containing the AmTYR1 gene has been shown through 
quantitative trait loci mapping to be linked to strong latent inhibition in honey bees. The 
Smith lab has been able to show a correlation between learning and the AmTYR1 receptor 
gene through pharmacological inhibition of the receptor. In order to further confirm this 
finding, experiments were designed to test how honey bees learn with this receptor 
knocked out. Here this G-protein coupled receptor for the biogenic amine tyramine is 
implemented as an important factor underlying latent inhibition in honey bees. It is 
shown that double-stranded RNA (dsRNA) and Dicer-substrate small interfering RNA 
(dsiRNA) that are targeted to disrupt the tyramine receptors specifically affects latent 
inhibition but not excitatory associative conditioning. The results therefore identify a 
distinct reinforcement pathway for latent inhibition in insects.   
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Introduction 
It is necessary for honey bee survival to learn how to distinguish among flowers 
that have nectar from pollen and those that do not.  Honey bees are capable of using 
different floral cues i.e. color, shape, location, and odor, to determine the viability of the 
flower in regard to nectar and pollen (Menzel 1990, Smith, Wright et al. 2006). Through 
trial-and-error learning they learn how to discriminate against odors that provide no 
nectar or pollen reward and in favor of those that do.  This learning ability informs their 
future decisions as to which odors and flower species to pursue when searching for nectar 
and pollen (Fernandez, Locatelli et al. 2009).  Nectar and pollen are crucial to honey bee 
survival because they contain the necessary macromolecules (carbohydrates and protein) 
that honey bees need to survive.  It is important that honey bees are able to quickly learn 
which floral cues indicate pollen and nectar and those that do not.  Different floral 
sources for pollen and nectar become available throughout the two to three week foraging 
lifespan of a honey bee forager. Because of this rapid change in what a honey bee needs 
to know, honey bees must have the ability to quickly learn new to focus on new floral 
resources.   
 Honey bee learning has been studied in detail in both the field and in controlled 
laboratory conditions.  Studies in the field evaluate what flower characters honey bees 
learn as well as other factors such as flight patterns and time away from the hive (Smith, 
Wright et al. 2006). Lab studies are more controlled and allow for recording neural 
activity and for treatment to amplify or disrupt neural pathways thought to be involved in 
learning.  Proboscis extension response (PER) conditioning is a fundamental technique 
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used in lab procedures (Smith and Burden 2014). Honey bees are exposed to a short burst 
of odor followed by a reward (sucrose) and their responses (proboscis extension) are 
recorded.  PER has been used to study many details of learning (Smith, Abramson et al. 
1991, Stopfer, Bhagavan et al. 1997). Like in field studies, PER has revealed that honey 
bees are able to recall and respond to an odor that is paired with a reward and ignore 
those odors that are not.   
Honey bees learn to discriminate when the odor of a flower contacts their 
antennae and bind to odorant binding proteins in sensory structures (Galizia and Menzel 
2000).  These proteins now bound to odor ligands then diffuse to molecular odor 
receptors located on dendrites connected to Olfactory Sensory Neurons.  Each receptor is 
sensitive to a small range of odors based on their concentration.  Axons from OSN’s that 
express the same odor receptor converge on a single glomerulus in the antennal lobe 
reflect the collective excitement of the OSNs that express the same receptor.  Glomeruli 
also change responses to an odor that has been paired with reinforcement (reference).  
One notable neuron that has been linked to sucrose and odor pairing in the honey bee 
brain is the VUM neuron. This neuron, located in midline of the subesophageal ganglion 
that is caudal to central brain, releases octopamine when sucrose receptors on the honey 
bee’s proboscis is stimulated (Hammer 1993, Hammer and Menzel 1998).  
 VUM is an important part of representing reward in the honey bee CNS (Hammer 
and Menzel 1998). Ventral Unpaired Medial (VUM) cells release octopamine into several 
neuropils of the brain, including all of the ‘glomeruli’ located in the antennal lobes 
(Hammer 1993).  This release builds a connection between the sensory pathways that 
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process odor of a flower and the presence or absence of a reward.  This connection 
between octopamine and floral odors informs future decisions of the honey bee during 
foraging.  
 Tyramine is the molecular precursor to octopamine and its receptor is located 
near a genetic marker that Chandra, Hunt et. al. (2001) discovered during quantitative 
trait loci (QTL) mapping. Their research showed one major QTL that was named lrn1.  
lrn1 contains the AmTYR1 receptor.  The location of the AmTYR1 receptor in the genome 
suggested that it could play a role in latent inhibition learning. Its receptor ligand, 
tyramine, has been shown to play many roles in the invertebrate body including learning.  
Tyramine acts to decrease the activity of secondary messengers, such as cAMP and Ca2+. 
By the inhibition of the AmTYR1 receptor, the role of both tyramine and the AmTYR1 
receptor in the learning pathway could be explored in the honey bee.   
Tyramine is a precursor to octopamine, and it has been shown to play an 
independent role as neurotransmitter and neuromodulator in the insect nervous system 
(Roeder 2005).  Tyramine acts on the receptors, one of which AmTYR1 was targeted in 
our study. Previous experiments with injection of yohimbine into the honey bee brain 
(Latshaw et al. unpublished), an agent that  blocks the AmTYR1 receptor, showed an 
increase in non-associative learning (Latent Inhibition; (Chandra, Wright et al. 2010).  
That is, the honey bees injected with yohimbine showed more latent inhibition to a pre-
exposed odor than those honey bees that were injected with saline. Because yohimbine 
can interact with other receptors, a more specific approach was necessary. Yohimbine, as 
a pharmacological agent, could have interfered with other transmitter and modulatory 
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pathways in the brain.  This ‘off-target’ interference combined with the inhibition of the 
receptor could have given rise to the observed effects.   
In contrast, dsRNA is a highly specific compound.  It can be designed to target 
specific sequences, such as the AmTYR1gene sequence.  This will not only inhibit the 
function of the receptor, but effectively remove it from the pathway.  Disruption of the 
AmTYR1 receptor with dsRNA will provide a more specific, independent test whether the 
AmTYR1 receptor plays an integral part in latent inhibition.   
dsRNA has been successfully used to silence receptor genes and study behavior in 
honey bees in the Smith lab (Farooqui, Vaessin et al. 2004).  This procedure is known as 
RNA interference (RNAi). dsRNA binds to the mRNA sequence prior to translation.  As 
a result, the targeted gene will not be translated to protein, which effectively silences the 
gene.  This procedure has been used to disrupt the mRNA that codes for octopamine 
receptors and successfully decreased the concentration of octopamine receptors 
(Farooqui, Robinson et al. 2003, Farooqui, Vaessin et al. 2004).   
For my experiments, I used dsRNA (Ying Wang et al. unpublished, ASU) 
designed to knock out the AmTYR1 gene in order to reduce expression of the AmTYR1 
receptor to observe the learning frequencies of the honey bees when that gene was 
silenced. I used dsRNA to completely knock out the receptor to ensure there were no off 
target effects coming from the yohimbine trials. dsiRNA (Dicer Substrate interference 
RNA, Sinakevitch et al.,  submitted, ASU)  was then used to provide a more pointed 
approach to knocking down the receptor as it has the ability to be even more specialized 
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than the dsRNA. The use of the dsiRNA also helped to ensure that there were no off 
target effects since dsRNA can act in a variety of ways.  
Methods 
Subjects  
The honey bees used for this experiment were all obtained from colonies 
maintained in a closed population breeding program at Arizona State University. The 
genetic background was from a targeted commercial stock obtained from commercial 
breeders in California. 
Effect of dsRNA on Behavioral Conditioning 
Honey bees were collected in groups of twelve around 2:00 pm.  They were 
sedated in an ice-water bath and harnessed into small metal tubes with a thin strip of duct 
tape between their head and thorax.  Once all of the honey bees were harnessed, they 
were each fed approximately 20-30 µL of 1 M sucrose solution. Their heads were then 
waxed to the duct tape in order to secure their heads for the injection.  Six of the honey 
bees were chosen at random to receive an injection of water (Solution B) and the other 
six were given an injection of the dsRNA solution (Solution A).     
 The injections were done at 3:00 pm by using a Nanoliter 2000 injection system 
(World Precision Instruments).  The Nanoliter 2000 was fitted with an electrode made 
from Borosilicate Glass Capillaries filled with mineral oil.  Some of the mineral oil was 
then expelled from the electrode and the desired solution (water or water containing 
dsRNA) was taken up by the electrode.  The honey bees were placed under a microscope 
and using a fine point needle the middle ocelli on the top of their head was punctured.  
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They were then aligned with the electrode under a microscope and were given 138 µL of 
their designated solution (A or B). The injections were done by Irina Sinakevitch so that 
the treatment (dsRNA or water) was unknown to the investigator until after behavioral 
conditioning.  Once the honey bees had been injected with their designated solution, they 
were fed again to ensure they had enough food to survive overnight.  The honey bees 
were then placed in a sealed box lined with damp paper towels and placed in a dark room 
overnight.   
 Approximately 22-24 hours later, on the following day, the honey bees were 
placed in an automated odor delivery system, which consisted of the honey bees being 
placed in stalls where a set of valves regulated odor delivery through a programmable 
logic controller (PLC). 1-hexanol and 2-octanone were used as pure odorants.  Odor 
cartridges were made by applying 3.0 μL of odorant onto a thin piece of filter paper that 
was then placed into a 1 mL glass syringe. The odor cartridge was then connected to an 
air valve regulated by the Programmable Logic Controller (PLC; AutomationDirect) that 
switched the valve and diverted air through the cartridge for four seconds. Odor pre-
exposure in both experiments involved forty presentations of odor for four seconds 
without reward using a one minute inter-trial interval (ITI). All odor cartridges were 
changed for freshly made cartridges after every ten presentations to avoid odor depletion.  
Honey bees injected with solution A were pre-exposed to pure 1-hexanol and those 
injected with solution B were pre-exposed to pure 2-octanone.  Once the pre-exposure 
was complete, they sat for fifteen minutes before conditioning. This effectively 
randomized the odors that dsRNA and water bees were preexposed to.   
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The honey bees were conditioned by using the proboscis extension response protocol 
(Smith and Burden 2014).  The honey bees were placed on a plexiglass arena that was 
attached to a ventilation system and PLC.  An odor cartridge that was prepared 
identically to the pre-exposure cartridges, was placed about 4 cm away from the honey 
bee.  The odor cartridges for conditioning were loaded with filter paper to which was 
applied 3 µL of a 2 M dilution of either 1-hexanol or 2-octonone in mineral oil.  Twenty 
seconds after being placed on the apparatus, the investigator activated  the PLC to divert 
air through the odor cartridge exposing the honey bees to air that had passed over either 
the 2 M 1-hexanol or 2-octanone impregnated filter paper.  The odor presentations for 
each bee were presented in a pseudo-random sequence (ABBABAAB) across trials, 
where A and B represent each odor randomly assigned to A and B each day of testing. 
Presentation of each odor was rewarded every trial with of 0.2 µL of 1 M sucrose 
solution, which the bees consumed entirely. 4-8 trials were conducted for each individual 
honey bee for each odor.   
Control the Behavioral Effect of dsRNA in Relation to Latent Inhibition Learning 
This experiment followed the same preparation protocol until pre-exposure.  The 
honey bees were placed in the latent inhibition apparatus but no odors were expelled.  
They rested there for an hour and were then conditioned in the same manner as the 
previous experament. This was used as a control to show that latent inhibition learning 
was not induced by the dsRNA itself, or any other aspect of treatment, but that the effect 
was specific to odor exposure. 
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Effect of dsiRNA on Behavioral Conditioning 
 To demonstrate via a different means that anti-AmTYR1 antibodies 
specifically recognized the receptor, Sinakevitch et al., (submitted) designed a Dicer 
substrate-interfering (dsi) RNA of the AmTYR1 receptor to knockdown AmTYR1 mRNA 
receptor in the brain. We used a mixture of three dsiAmTYR1 that were designed by the 
tool in IDT technology and  has preliminary test by RT-qPCR and immunocytochemistry   
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Figure 1 
Protocol timeline for collection and conditioning of honey bees injected with dsRNA 
Bees were collected at hour 0 (12-2 pm). Approximately one hour was needed to harness 
and feed the bees. At hour 1 (1-3 pm) they were either injected with dsRNA or water 
after which they were left over night. Around hour 20 (1:30 pm) they were pre-exposed 
to an odor for an hour. Once pre-exposed they would undergo Proboscis Extension 
Response (PER) conditioning protocol at hour 21 (2:30-6:30 pm). Brains were dissected 
around hour 26 (7:30 pm).  
 
  
        Capture  Injections                      Pre-       PER                       Dissection & 
                  & Feeding                  exposure                               RT-qPCR analysis 
 
0 1 20 21                  25 
Over night 
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on fixed honey bee brain sections (Sinakevitch et al., submitted) as a control we used a 
scrambled dsiScr (SCR). 
The preparation of the bees followed a similar but slightly different timeline from  
the previous experaments. Figure 2 shows the new timeline. The shorter timeline was 
used in an attempt to have a more accurate reading of the mRNA in the brain. The honey 
bees were collected in groups of twelve between 12:00 and 2:00 pm.  They were sedated, 
harnessed, and fed in the same way as before. Six of the honey bees were chosen at 
random to receive an injection of dsiSCR (Solution B) and the other six were given an 
injection of the dsiRNA solution (Solution A).     
 The injections were done between 1:00 and 3:00 pm in the same manner as 
befrore, however, only seventy nanoliters (nL) of 100mM mixture of dsiAmTYR1 was 
injected using a picospritzer into middle ocelli of the bee (n=6) and the same procedure 
was used to inject dsiSCR (n=6). They were then fed 20 µL of 1M sucrose and were left 
over night in dark damp space until 18 hours later. Different groups of 6 bees were then 
either pre-exposed to odor (n=34) or to air (n=38) using the LI protocol as mentioned 
above and then trained with the PER protocol.  
Quantitative PCR 
Each brain was dissected out after completion of conditioning trials and used to 
estimate the relative AmTYR1 gene expression with RT-qPCR. First, to extract mRNA 
from each brain, the dissected brains were each placed in an Eppendorf tube with 500 
microliters of TRIzol reagent.  The sample was then homogenized with a pestle and 
stored at -20C. For RNA extraction, 500 microliters of TRIzol reagent was added to each 
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sample.  The sample was vortexed for 1 minute at room temperature.  It then sat for 10-
15 minutes before adding 200 microliters of chloroform, after which it was shaken 
vigorously by hand approximately 80 times. The shaken sample sat for 2-3 minutes and 
was then placed in the centrifuge at 12,000g for 15-20 minutes at 2-8 oC.  Once removed 
from the centrifuge the supernatant was extracted and placed into prepped tubes of 500 
microliters of 2-propanol.  These tubes were shaken by hand and placed into the freezer 
at -80 oC for 30 minutes.  After 30 minutes the samples were placed in the centrifuge at 
12,000g for 20 minutes at 2-8 oC.  The remaining supernatant was then removed and 
discarded and the remaining pellet was washed with 1000 microliters of 75% ethanol and 
was then shaken by hand.  The sample was placed back in the centrifuge at 7500g for 5 
minutes at 2-8 oC.  The supernatant was removed and discarded and the remaining pellet 
was allowed to dry completely resulting in a clear color.  Once dry the pellet was diluted 
by dissolving it in 20 µL of DECP-treated water.  The diluted solution was then taken to 
the DNA lab to determine the concentration of the solution.  The final concentration was 
then calculated using Equation 1.  Equation 2 was used to determine the amount of water 
needed for final dilution.  
Equation 1 
(44µL x 200ng/µL)/[sample]=RNA (l) 
 
Equation 2 
44µL-RNA (l)=H2O 
 
 Next, the DNA was removed from each sample, by adding 5 µL of DNase I and 1 
µL of TURBO enzyme DNase. Then the mixture was incubated at 37oC for 20 minutes.    
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Figure 2 
Protocol timeline for collection and conditioning of honey bees injected with dsiRNA 
Bees were collected at hour 0 (12-2 pm). Approximately 1 hour was needed to collect, 
harness and feed the bees. At hour 1 (1-3 pm) they were either injected with dsiRNA or 
dsiSCR. They were then left overnight in a dark and damp environment. Around hour 17 
(10 am) they were subjected to 40 trials of either odor or air. At hour 18 (11 am) they 
underwent PER conditioning for a total or 16 trials. The brains were then dissected 
around hour 22 (3 pm). 
  
    Capture  Injections                      Pre-       PER                    Dissection & 
                  & Feeding                  exposure                         RT-qPCR analysis 
0 1 17 18                22 
Over night 
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5 µL of DNase Inactivation reagent was then added and was incubated at room 
temperature for 3 minutes.  The sample was placed in the centrifuge at 7,500g for 15 
minutes.  The supernatant was then transferred to new tubes leaving the RNA sample in 
its existing tube.  
Expression of AmTYR1 mRNA was quantified using two steps: QuantiTEK 
SYBR Green RT-PCR kit (QIAGEN) on an Apply Biosystems 7500 cycler with protocol 
provided by the kit. The primers for quantitative real-time PCR assays were published by 
Wang, Kocher et al. 2012. 
1st step: After purification, a buffer, magnesium chloride, dNTP, random 
hexameter, inhibitor, transcriptase, and water were pipetted into a new tube containing 
the RNA sample in the ratios listed in Table 1.  They were placed in the RT-PCR 
machine and allowed to run to make cDNA.   
2nd step Once the RT-PCR has finished, SyBR, water, forward primer, reverse 
primer, and the template were added to new tubes in the ratios described in Table 2. The 
primers from two genes (AmTYR1 and AmActin) were used which resulted in two tubes 
for each sample.  After all the reagents are mixed, they were pipetted into a tray of wells.  
Each sample was placed into 3 wells with the AmTYR1 primer mix and Actin primers mix 
are placed every other row as shown in Figure 1. They are then centrifuged for 1 minute 
and then placed in the Apply Biosystem 7500 cycler with program recommended by kit. 
The relative gene expression was calculated using 2-Ct methods and data are 
expressed as mean_+ SE. 
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The brains of the bees injected with dsiRNA or dsiSCR were processed in a 
slightly different way than those injected with dsRNA or water. The brains were 
dissected and processed for AmTYR1 gene expression quantification 22 hours after 
injections. For quantification of AmTYR1 gene expression, the mRNA from each injected 
brain was isolated separately using the TRIzol (Invitrogen) method. Expression of 
AmTYR1 was quantified using QuantiFAST SYBR Green RT-PCR kit (QIAGEN) on 
Applied Biosystem 7900 cycler  (ASU DNA Facilities) with the protocol provided by the 
kit. The 2xQuantiFastSYBR Green RT-PCR Master Mix, RT, forward primer, reverse 
primer, and the template ratios are described in Table 3. The 10 µL mixtures were placed 
in a 384-well plate. The primers for quantitative real-time PCR assays were published by 
Wang et al., 2012. The PCR was controlled for using actin without reverse transcriptase.  
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Table 1 
Reagents 1x 
Buffer 1.00 
MgCl2 2.20 
dNTP 2.00 
Random Hexameter 0.50 
Inhibitor 0.20 
Transcriptase 0.25 
RNA (l) sample 1.50 
H2O 2.35 
Total Volume (µL) 10.00 
Table 1: The reagent amounts for RT-PCR Master Mix 
Table 2 
Reagents 1x 
SyBR 12.50 
H2O 10.00 
Primer Fw 0.75 
Primer Re 0.75 
Template 1.00 
Total Volume (µL) 25.00 
Table 2: The reagent amounts for Real Time PCR Master Mix for dsRNA 
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Table 3 
Reagents 1x (µL) 
QuantiFast RT-PCR Master Mix 5.00 
Primer A 1.50 
Primer B 1.50 
RT mix 0.10 
Template RNA 2 
Total Volume (µL) 10 
Table 3: The reagent amounts for Real Time PCR Master Mix for dsiRNA  
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Results 
Several studies have shown that the PER procedure produces robust associative 
conditioning in honey bees.  Good learning is characterized as a consistent rise in 
proboscis extension over a sequence of trials with a reinforced odor.  If there is no reward 
for an odor the proboscis extension rate will decrease to approximately zero (Bitterman, 
Menzel et al. 1983) .   When the bees are conditioned in accordance to normal associative 
conditioning, bees require only one to a few trials before they learn the correlation 
between the odor and the sucrose reward.  However, when bees are pre-exposed to an 
odor in accordance to latent inhibition learning, as described above, they typically require 
several more trials before responding to the target odor.  The delay that is due to the pre-
exposure of the selected odor. The learning curves will look very similar except that the 
curve for the pre-exposed odor will be displaced to the right.   
When honey bees are not pre-exposed to any odor, they learn both odors equally 
well (Figure 3a, square symbols). However, pre-exposure to one odor caused them to 
learn that odor slowly relative to the novel odor (the one not pre-exposed; Figure 3a, 
triangles). The former ‘delayed’ pattern shows Latent Inhibition resulting from odor pre-
exposure. The group that received pre-exposure can be separated into which odor was  
assigned for pre-exposure, and both subgroups show latent Inhibition (Figure 3b), 
indicating that there was no effect of odor. 
Use of AmTYR1 dsRNA disrupted Latent Inhibition. In this experiment the water injected 
control group showed latent inhibition- that is, the novel odor was learned faster than the 
pre-expsoed odor.  The bees responded immediately to the novel odor on the first trial.  
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They showed a consistent increase in learning up to trial 3 and then decreased or leved 
off on the 4th trial.  The slope became steeper between trials 2 and 3 showing a high 
increase in the rate of learning.  The bees took longer to respond to the pre-exposed odor.  
There was no response on the first trial, but they began learning at trial 2 with a steady 
increase through trial 4.  The slope between trials 1 and 2 is steep showing a large 
increase in learning after the first trial.  The slope between trials 2 and 4, however, is 
unchanged.  At the end of the 4 trials, even though the novel odor decreased in response 
on trial 4, the novel odor still had a higher learning percentage which is consistent with 
classic latent inhibition learning. 
The dsRNA injected group did not show the same pattern.  There was little 
consistent evidence of learning of either odor. But there was not a consistent increase in 
responding through trials 3 and 4.  The bees responded to the novel odor (the one that 
was not pre-exposed) on the first and second trials.  However, on trials 3 and 4 there was 
little or no response.  The bees did not respond on the first trial of the pre-exposed odor, 
but then showed a slight increase in learning until trial 4.  The slope is constant from trial 
1 to 3 and is much shallower than in the water injected control group. There was no clear 
evidence of Latent Inhibition in the dsRNA-injected group, as there was in the water-
injected control group.   
We were able to replicate for the MS research the behavior results in Figure 4 
using highly specialized dsiRNA that targets the AmTYR1 receptor mRNA transcript. 
Figure 5 shows the results from the dsiRNA. Figure 5A shows the air control to replicate   
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Figure 3 
Percent proboscis extension response. A) Proboscis extension response across trials to the 
novel odor (solid line + triangles), to the pre-exposed odor (dashed line + triangles), and 
to the same odors without pre-exposure to either odor (corresponding lines + squares). In 
the latter group odors were randomly assigned to the line categories prior to reaining 
since there was no preesposure. With no preexposure odors were learned at the same rate. 
Pre-exposed novel odors were learned far better than the odors the bees were pre-exposed 
to. B) For both subgroups that received pre-exposure, the pre-exposed odors were learned 
more slowly than the novel odors (M Petersen ASU Honors thesis 2016).  
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Figure 4 
Percent Proboscis Extension response for bees injected with water (n=32) or dsRNA 
(n=27). Bees injected with water, when presented with the novel or pre-exposed odor, 
learned the odors better than those injected with dsRNA.  The bees, injected with water 
learned the novel odor better than the pre-exposed odor, however, those injected with 
dsRNA showed no difference in learning  (M Petersen ASU Honors thesis 2016).    
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the control done in the Yohimbine trials. Latent inhibition is not present in either group, 
and more importantly learning was robust, showing that appetitive learning is not 
affected.  The bees injected with dsiRNA show slightly lower resposnes levels, 
suggesting that dsiRNA has a small effect and is perhaps more capable of inhibiting the 
AmTYR1 receptor than Yohimbine. Figure 5B shows the learning of bees when injected 
with dsiRNA or SCR when they are pre-exposed to odor. Latent inhibition is evident in 
the SCR group by lower resposnes to the pre-exposed odor. There is little learning and no 
latent inhibition in the dsiRNA group showing that the receptor concentration has 
decreased. The important differences between the groups, latent inhibition in the scr 
group vs no latent inhibition in the siRNA group, is reflected in the significance of the 
interaxction between the resposnes to the two odors nad the treatment. After completing 
qPCR on the dsiRNA-injected bees, shown in Figure 6, there was a statistically 
significant difference between the dsiRNA and SCR-injected bees. When this data is 
normalized, the bees injected with dsiRNA only had 32% RNA expression of the SCR 
injected bees.  
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Figure 5 
Percent Proboscis Extension response for bees pre-exposed to odor or air when injected 
with SCR (n=32) or dsiRNA (n=27). A. Bees pre-exposed to air had no difference within 
their groups, SCR and dsiRNA. B. When pre-exposed to odor there was a larger 
difference between dsiRNA and SCR groups.   Latent inhibition is seen in the SCR 
group, but not the dsiRNA group.  
A 
B 
Effects: 
Novel vs preexp p<0.01   
Scr- vs si-RNA: ns 
Interaction: ns 
Effects: 
Novel vs preexp p<0.001   
Scr- vs si-RNA: ns 
Interaction: p<0.01 
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Figure 6 
Expression of AmTYR1 gene in brains injected with 70nl of 100mM dsiAmTYR1 RNA 
and dsiScramble 22 hours after treatments. AmActin was used as a reference gene. The 
relative gene expression was calculated using the 2-ΔΔCt method. The data are expressed 
as mean+SE.  
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Discussion 
The objective of this work was to provide a more accurate, refined test of the 
effect of the AmTYR1 receptor on Latent Inhibition using dsRNA designed to disrupt 
translation of the mRNA into the receptor protein. Honey bees were injected with dsRNA 
and conditioned according to normal PER conditioning. The data show that there was a 
change in Latent Inhibition in the honey bees injected with ds- and siRNA designed to 
disrupt production of the receptor protein. The honey bees that were injected with water 
showed normal learning and latent inhibition by virtue of lower responses to the pre-
exposed odor relative to the novel (not pre-exposed) odor. Honey bees injected with 
dsRNA showed much lower responses to both odors and no difference in response to the 
novel and pre-exposed odors.  
The current data corresponds to the previous data gathered with the 
pharmacological injection of yohimbine. The injection of yohimbine reduced response to 
both the novel and pre-exposed odors, and there was no difference in response levels to 
the two odors. The pattern with yohimbine treatment was thus identical to that in Figures 
4 and 5. Yohimbine has been used before to inhibit tyramine receptors. It was shown to 
be a potent inhibitor for the Peatyr1 receptor in American Cockroaches as well as in 
many other invertebrate species (Rotte, Krach et al. 2009). Yohmibine is a very effective 
antagonist for tyramine receptors in invertebrates. However, there may be some 
properties that could interact with and block other receptors. dsRNA facilitates a more 
direct and complete disruption of the AmTYR1 receptor through RNA interference 
(RNAi). RNAi removes a targeted mRNA thus preventing, or reducing, translation of 
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mRNA into protein. This technique was used because of its precision in removing the 
desired sequence which will keep the receptor from being translated, eliminating its 
function (Huvenne & Smagghe 2010).  
The experiments reported here provide a new independent test of the role of 
AmTYR1 in Latent Inhibition by using two different types of RNAi constructs: ds- and si-
RNA. Together with yohimbine treatment, it is now possible to propose a possible model 
for how AmTYR1 works to regulate expression of Latent Inhibition. In both yohombine 
and dsRNA treated groups, the response to the pre-exposed odor was significantly 
reduced relative to the response to the pre-exposed odor in the control groups. This 
pattern could indicate that blockade (yohimbine) or disruption (dsRNA) of the AmTYR1 
receptor increased Latent Inhibition. Furthermore, that the novel odor in dsRNA treated 
groups elicited reduced responses could indicate that the inhibition generalized much 
more broadly to other odors.  
This pattern of reduced responses to both odors could also arise from a general 
disruption of odor perception or learning. However, yohimbine and ds- or si-RNA 
treatment does not reduce learning about odors when there is no pre-exposure. Since 
honey bees learn odors normally, or at least almostr normally, when treated with ds- or 
si-RNA but not pre-exposed to an odor, then the interpretation of increased and 
generalized inhibition describe becomes much more likely.  
Initial PCR tests of brains 24 hours after dsRNA injection failed to show a 
difference in AmTYR1 mRNA levels. However, the mRNA levels remain low through at 
least 22 hours as there is a significant difference between the dsiTYR and dsiSCR groups. 
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More recent analyses from the Smith lab (Guo et al in preparation) using both short 
interfering (si-)RNA and ds-RNA have titrated the effect of treatments over time. Both si- 
and ds-RNA reduce mRNA levels in brains within 2 to 8 hours after treatment. However, 
the mRNA levels using either RNA recover by 24 hours, which is consistent with the 
present studies. The new study also used a newly generated antibody against the 
AmTRY1 protein (Sinakevitch et al., submitted). Protein levels drop, as expected, after 
the mRNA declines. And the protein levels remain low through at least 24 hours, when 
the behavioral tests both with yohimbine and dsRNA were done. This result makes the 
changes in latent inhibition with yohimbine and dsRNA treatment much more likely due 
to targeting the AmTYR1 receptor.  
In summary, dsRNA treatment, like treatment with yohimbine, disrupts Latent 
Inhibition in odor learning in honey bees. The pattern of disruption is consistent with 
inhibition becoming increased when an odor is pre-exposed, which would indicate that an 
intact tyramine pathway is necessary to modulate inhibition. That is, it prevents inhibition 
from become too pronounced and maintains it at a set point. This interpretation sets up a 
new hypothesis that excitatory and inhibitory processes that are induced by experience at 
in some sort of balance. This hypothesis now needs to be tested using means of 
measuring neural activity in the honey bee brain as well as field measurements of 
learning during foraging behavior. 
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